The first plant protein kinase sequences were reported as recently as 1989, but by mid-1998 there were more than 500, including 175 in Arabidopsis thaliana alone. Despite this impressive pace of discovery, progress in understanding the detailed functions of protein kinases in plants has been slower. Protein serine/threonine kinases from A. thaliana can be divided into around a dozen major groups based on their sequence relationships. For each of these groups, studies on animal and fungal homologs are briefly reviewed, and direct studies of their physiological functions in plants are then discussed in more detail. The network of proteinserine/threonine kinases in plant cells appears to act as a "central processor unit" (cpu), accepting input information from receptors that sense environmental conditions, phytohormones, and other external factors, and converting it into appropriate outputs such as changes in metabolism, gene expression, and cell growth and division.
INTRODUCTION
The past decade has proved something of a golden age in plant protein kinase research. Although protein kinases had been previously detected and analyzed via biochemical approaches (e.g. 50) , the first higher plant protein kinase cDNA sequences were reported by Lawton et al in 1989 (97) . A search conducted in August 1998 revealed that the EMBL database contained 549 higher plant protein kinase sequences, of which 175 were from Arabidopsis thaliana alone. While a small proportion of these represent multiple entries of the same gene sequence, these numbers give some insight into the recent increase in knowledge. Figure 1 shows that since 1989 the number of higher plant kinase DNA sequences in the database has increased inexorably, with the rate of deposition still accelerating. The golden age is therefore still under way, although it could be argued that the field is maturing. While such predictions are always risky, one might imagine that representatives of most of the major subfamilies of plant protein kinases have already been discovered, and that future discoveries will usually fall into one of the existing groups. This statement must be qualified by stressing that, for the purposes of this review, the term protein kinase is restricted to members of the classical "eukaryotic" protein kinase superfamily (46) ("eukaryotic" is placed within quotes because members of this family have recently also been found in some prokaryotes). It is quite possible that novel plant protein kinases not related to this family remain to be found. Intriguing precedents for this are genes involved in the response to ethylene and cytokinins in A. thaliana, which are members of the "prokaryotic" two-component histidine/aspartate kinase family (13, 84) and are not related to the "eukaryotic" kinase family.
DNAs encoding higher plant protein kinases have generally been cloned by one of four routes: Figure 1 Total number of higher plant protein kinase entries in the EMBL database plotted against the year of initial deposition. On August 5th, 1998, the EMBL/EMBLNEW databases were searched with the term "kinase" in the "description" field, "viridiplantae" in the "organism" field, and the year of first entry in the "date" field. Proteins other than protein kinases (usually around 10% to 20% of the total hit by the "kinase" search term) were removed by manual inspection. This search may miss a few protein kinases if the word "kinase" does not appear in the "description" field [e.g. the two-kinase sequences deposited by Lawton et al (97) in 1989, which have been added]. No attempt was made to delete multiple entries of the same sequence. The 1998 data are shown with a dashed line as the calendar year was not complete at the time of analysis.
and yeast protein kinases, or by screening cDNA libraries with protein kinase DNAs derived from non-plant species. The first approach, pioneered by Hanks (45) , was used in the cloning of the first four plant kinase DNAs reported (35, 97, 162) , and is largely responsible for the explosion of sequences evident in Figure 1 . However, although this approach provides the predicted amino acid sequence, it gives no information about the function of the protein kinase other than by virtue of sequence similarity with kinases of known function, usually of animal or fungal origin.
2.
Cloning by functional homology, e.g. selection of cDNAs by their ability to complement mutations in other species, especially in the yeast Saccharomyces cerevisiae. Although many plant DNAs have been subsequently shown to complement yeast mutations, surprisingly this approach does not appear to have been widely used for the initial cloning. However, it was used to clone DNA encoding the LAMMER kinase AFC1 (6) and a CDK-activating kinase (158).
3. Cloning from a partial amino acid sequence of a purified protein Although this is the "classical" approach for cloning of a known protein, in practice it has been rarely used in the case of plant protein kinases, probably because very few have been purified to homogeneity from plant sources. A rare example was the original cloning of a calmodulin-like domain protein kinase (CDPK) by Harper et al (53) .
Cloning of mutants
This approach involves selection of mutants defective in some physiological process, and then cloning of the mutant gene, usually by genetic mapping and chromosome walking. The latter approach is laborious, but if successful the rewards can be great, because the mutant phenotype immediately gives direct clues as to the function of the gene. A significant short cut is possible if the mutants are generated by insertional mutagenesis using Agrobacterium tumifaciens T-DNA, since it is then much easier to locate the mutated gene. Although this approach is not specifically aimed at cloning of protein kinases, given their important role in cellular regulation, it is not surprising that many have emerged from these genetic screens. Interesting examples of protein kinase genes cloned by this approach include the disease-resistance genes Xa21 from rice (147) and Pto from tomato (108) , and the genes giving rise to the developmental mutants CLAVATA1 (15) and TOUSLED (136) , and the brassinosteroid-resistant mutant BRI1 (100), all from A. thaliana.
FUNCTIONS OF PROTEIN KINASES: MODELS IN ANIMALS AND YEAST
Despite the recent advances in higher plants, the functions of protein kinases are much better understood for animals and for the budding yeast Saccharomyces cerevisiae. Since many plant protein kinases have homologs in animals and yeast, these systems provide useful models to guide studies of their functions in plants. In an influential review in 1987 (70), Hunter pointed out that a protein kinase-phosphatase cycle was analogous to a transistor, and like the latter can act either as a switch, changing the function of the target protein on or off, and/or as an amplifier, increasing the amplitude of a signal. I have extended this analogy [see (9) ] to point out that the network of protein kinases and phosphatases within the cell can be likened to the assemblage of transistors in the central processor unit (CPU) of a computer. This cellular "CPU" receives input information about the external environment from sensor and receptor proteins, processes it, and then triggers appropriate output responses, such as changes in metabolism, ion fluxes, gene expression, or cell growth and division. To make this concept more specific, some of the major inputs and outputs for which protein kinases serve as information processors in animal and fungal cells can be summarized as follows: 4. The timing of events that occur discontinuously in the cell cycle This is the particular province of the cyclin-dependent protein kinases (CDKs) that, in association with different cyclins, control entry into S phase and mitosis in response to input cues such as mitogens, the availability of nutrients, and the integrity or state of replication of DNA.
5.
The response to stressful environmental conditions, including starvation for key nutrients Examples here include the Hog1 kinase, involved in the response to osmotic stress (106) , and the Snf1 kinase (49) , involved in the response to glucose deprivation, both in S. cerevisiae.
These animal and fungal systems provide useful models for the functions of plant protein kinases, particularly because when a plant kinase is first defined there are often no clues to its function other than its sequence similarity to animal and fungal homologs. The approach is justified because the use of protein kinases as cellular control devices appears to have arisen very early during eukaryotic evolution, and the basic mechanisms have often been conserved. While the animal and fungal models can be very useful for framing experiments, it should be remembered that plants have evolved independently of animals and fungi for perhaps a billion years, and the systems should not be expected to be identical. In the presentations of protein kinase subfamilies that follow, I generally introduce the subfamily by discussing what is known about the role of their relatives in animals and yeast, and then consider to what extent these models have been helpful in our understanding of the function of the higher plant homologs.
CLASSIFICATION OF PROTEIN KINASES
Protein kinases can be studied by biochemical assays, utilizing their ability to phosphorylate particular substrate proteins. This approach has been used widely to study plant protein kinases that phosphorylate metabolic enzymes such as pyruvate dehydrogenase, phosphoenolpyruvate (PEP) carboxylase, nitrate reductase, pyruvate, Pi dikinase, or sucrose phosphate synthase. However, an inherent problem with a purely biochemical approach is the difficulty in comparing results obtained by different laboratories, especially when different species or tissues are used, as it is often difficult to know whether the protein kinases under study correspond to the same molecular entities. A protein kinase is only rigorously defined when its DNA and/or amino acid sequence is established. Similarities in amino acid sequence would therefore seem the most logical method to classify protein kinases. This is also why I have omitted from this review some interesting cases such as PEP carboxylase kinase (54, 160 ) and the double-stranded RNA-dependent protein kinase (96) , which do not yet appear to have been cloned. Figure 2 shows a phylogenetic tree illustrating the relationships between the sequences of the kinase domains of 89 protein kinases from A. thaliana that were in the EMBL database in August 1998. Table 1 , which may be viewed in the Supplementary Materials Section at http://www.annualreviews.org, provides a listing enabling individual kinases in Figure 2 to be identified. I restricted this analysis to A. thaliana partly to make the task more manageable but also because it avoided a difficult problem inherent in comparing sequences from different species, i.e. deciding whether two sequences are true interspecies homologs (orthologs) or merely closely related genes ( paralogs). The number of sequences to be considered was restricted to 89 by eliminating identical or nearly identical sequences, and by only considering cases in which the full length sequence was available (thus omitting, among others, expressed sequence tags). Figure 2 Phylogenetic tree of cloned A. thaliana protein kinases. Unique, full-length protein kinase sequences were extracted from the EMBL database. The sequences were aligned using PILEUP (28) and the kinase catalytic domains [as defined by (46) ] were then used to construct a phylogenetic tree using CLUSTREE (60) . The length of the branches between two sequences is a measure of the degree of sequence divergence between them. To identify individual protein kinases, see Supplementary Materials Section, http://www.annualreviews.org.
Fortunately, the analysis shows (Figure 2 ) that most of the 89 protein kinase sequences cluster together into about 12 major subfamilies. Although the tree was constructed on the basis of the sequences of the kinase catalytic domains alone, members of a subfamily often also exhibit sequence similarities outside of this region, particularly within regulatory domains. Because of this, they tend to exhibit functional as well as structural similarity.
The remainder of this review provides an overview of the structure and function of plant protein kinases, utilizing these subfamilies as the basis. They are considered in a somewhat arbitrary order, commencing with those for which the most direct biochemical information in plant systems is available. Figure 2 was constructed using A. thaliana sequences only, which inevitably introduces a bias in coverage towards that species, but where appropriate I also cover examples from other species. Regretfully, length restrictions require that the coverage is selective.
THE CALCIUM-DEPENDENT PROTEIN KINASE (CDPK) SUBFAMILY
See (141) for another view of this family. Calcium is a ubiquitous intracellular messenger in animal cells, and many of its effects are mediated by binding to the ubiquitous Ca 2+ -binding protein calmodulin. The Ca 2+ -calmodulin complex in turn activates calmodulin-binding proteins, an important subset of which are the calmodulin-dependent protein kinases (CaMKs). The CaMKs have a large variety of different functions, with some being specific for individual targets (e.g. myosin light chain kinases, phosphorylase kinase), whereas others have multiple targets (e.g. CaMKI, CaMKII, CaMKIV). In general, they are maintained in an inactive state in the absence of calmodulin via autoinhibitory regions, just C-terminal to the kinase domain, that associate with the active site cleft and thus block access to exogenous substrates (40, 65) . In some CaMKs (e.g. CaMKII), the autoinhibitory region contains an autophosphorylation site that is phosphorylated upon binding of Ca 2+ -calmodulin. In most other cases, the autoinhibitory region resembles a phosphorylation site but does not have a phosphorylatable amino acid, when it is referred to as a pseudosubstrate (48) .
Calcium is also a ubiquitous intracellular messenger in plant cells, increasing in response to a wide variety of stimuli, such as touch, wind, gravity, light, cold, auxin, abscisic acid, giberellic acid, salt stress, and fungal elicitors (12, 129) . These observations triggered a hunt for calmodulin-dependent protein kinases in plants, but when the first Ca 2+ -dependent protein kinase was extensively purified from soybean, it was found to be activated by Ca 2+ in the absence of exogenous calmodulin (50) . This behavior was explained when the DNA was cloned and found to encode a protein kinase catalytic domain followed by a C-terminal domain with 39% identity to calmodulin, with the four "EF-hand" Ca 2+ -binding motifs of calmodulin being conserved (53) . The plant Ca 2+ -dependent protein kinases can also therefore be termed "calmodulin-like domain protein kinases," and the acronym (CDPK) remains the same. This subfamily does not appear to be present in animals and fungi, although members have been found in protists such as Paramecium tetraurelia and Plasmodium falciparum (146, 177) .
At least 13 members of the CDPK family have now been sequenced from A. thaliana (Figure 2) , and multiple isoforms have also been characterized in many other plant species. They form the largest well-defined protein kinase subfamily in plants (the receptor-like kinases are currently more numerous, but are also much more diverse in sequence and structure). Why such a large number of CDPK isoforms should exist in a single species is unclear, but this may provide both specificity and flexibility in the response to different Ca 2+ -elevating stimuli. Consistent with this, different CDPK isoforms in A. thaliana are expressed in a cell type-and developmental stage-specific manner (64), whereas different isoforms from soybean have been reported to differ in Ca 2+ sensitivity and specificity for peptide substrates (99) .
When compared with mammalian protein kinases, the sequences of plant CDPKs are most similar to the CaMKs (46), and they could conceivably have arisen by fusion of a gene encoding an ancestral CaMK with a calmodulin-like gene ( Figure 3 ). There is now strong evidence that the CDPKs and CaMKs are regulated by similar mechanisms. CDPKs have a junction region between the kinase domain and the calmodulin-like domain (CLD), in the same position as the autoinhibitory region of mammalian CaMKs. There is now extensive evidence that the junction region is an autoinhibitory sequence whose effect is relieved by Ca 2+ -dependent binding of the CLD within the same polypeptide (51, 52, 68, 171) . Conceivably, having the Ca 2+ -binding sites on the same polypeptide, rather than on a separate calmodulin molecule which would need to find its target by diffusion, makes the response more rapid. This arrangement represents one case where plants have adopted a different strategy than animals and fungi, although it is a variation on a theme rather than a radical departure. Plants do also contain Ca 2+ -dependent protein kinases lacking a CLD (see below).
Although CDPKs are usually purified using mammalian proteins or synthetic peptides as substrates, a wide range of plant proteins have been shown to be substrates in cell-free assays. In most cases it remains unclear whether these are substrates in vivo. Targets for CDPKs where an effect of phosphorylation on function has been reported include the following:
1. Nodulin 26, an aquaporin (water channel) that is incorporated into the symbiosome membrane (SM) surrounding the N 2 -fixing bacteria in root nodules of legumes, is phosphorylated at Ser-262 by an SM-associated CDPK and a recombinant CDPK. This converts the aquaporin from a fully open, highconductance state to a voltage-sensitive form with a higher preponderance of low conductance states (98).
2. Tonoplast intrinsic protein-α(α-TIP), another aquaporin found in the membrane of protein storage vacuoles in Phaseolus vulgaris seeds, is phosphorylated by a Ca 2+ -dependent kinase (presumably a CDPK) present in the same membranes. Using expression of α-TIP in Xenopus laevis oocytes, evidence was obtained that phosphorylation at the same serine residues can increase the channel's water permeability (78) .
Ca

2+
-dependent kinases from spinach leaves were identified by immunological criteria (1) or partial amino acid sequencing (32) as members of the CDPK family. One of these reversibly inactivated nitrate reductase by phosphorylation at Ser-543, as did the most closely related isoform from A. thaliana (CDPK6) after expression in bacteria (32).
4. Application of purified recombinant CDPK, in the presence of MgATP, to membrane patches from vacuolar membranes of Vicia faba guard cells resulted in activation of a Cl − channel (128) . This may be involved in the increased Cl − uptake that occurs during stomatal opening.
5. Overexpression of constitutively active, truncated CDPK mutants in maize leaf protoplasts resulted in increased expression of reporter genes coupled to the promoter of HVA1, a stress-inducible gene from barley (144) . This effect was obtained using only two out of eight A. thaliana CDPKs tested, indicating a degree of isoform specificity. Although the immediate downstream targets in this system were not determined, these results indicate that some CDPK isoforms may be involved in induction of gene expression by stress.
6. Ca
-dependent protein kinases from maize leaf (69) and soybean root nodules (176) phosphorylated sucrose synthase from the same sources. Huber et al (69) reported that phosphorylation reduced the K m values for UDP and sucrose by fivefold, suggesting that this phosphorylation could activate sucrose catabolism.
Although most Ca
2+
-dependent protein kinases in plants appear to be members of the immediate CDPK subfamily (characterized by an intrinsic CLD), other types have been reported. A protein kinase has been cloned from apple (166) with sequence similarity to mammalian CaMKII, including a putative calmodulin-binding region but lacking a CLD. Poovaiah and coworkers (126) cloned a cDNA from developing anthers of Lilium longiflorum encoding a protein kinase (CCaMK) that had a kinase domain followed by a calmodulinbinding region closely related to that of CaMKII, then a domain with three EF hand motifs related to the neural Ca 2+ -binding protein visinin. When expressed in bacteria, this kinase was almost completely calmodulin-dependent for phosphorylation of an exogenous substrate. However, the visinin-like domain did bind Ca 2+ , and appeared to be responsible for a Ca 2+ -activated autophosphorylation (154). Finally, a CDPK-related sequence from carrot (102) has a CLD that is more distantly related to calmodulin than conventional CDPKs. When maize homologs of this CDPK-related kinase (CRK) were expressed in bacteria, they were found to be Ca 2+ -independent (39).
THE SNF1-RELATED PROTEIN KINASE (SNRK) SUBFAMILY
The yeast (S. cerevisiae) SNF1 protein kinase is involved in the response to glucose starvation, whereas its mammalian homolog AMP-activated protein kinase (AMPK) is involved in the response to cellular stresses which cause ATP depletion (44, 49) . Both the yeast and animal kinases exist as heterotrimeric complexes with a catalytic α subunit (encoded by the SNF1 gene in yeast), and noncatalytic β and γ subunits, which appear to have roles in regulation and targeting of the complex. The yeast SNF1 gene is required for derepression of genes that are repressed by glucose, i.e. the reversal of glucose repression (also known as catabolite repression) (137) . The SNF1 complex is rapidly activated on glucose removal by a mechanism involving phosphorylation by an upstream kinase kinase (168) , and it appears to relieve glucose repression, at least in part, by phosphorylating the repressor protein Mig1 (125) . In contrast to yeast SNF1, where most of the information has been gleaned from genetic studies, mammalian AMPK is well characterized at the biochemical level (49) . The complex is activated by elevation of 5 -AMP, both directly via allosteric activation, and indirectly by promoting phosphorylation by an upstream kinase kinase (AMPKK). Elevation of AMP occurs in intact cells under any stress conditions where ATP is depleted, including heat shock (19) and, in some cell types, starvation for glucose (140) . Activation of AMPK conserves ATP by phosphorylating and inactivating certain biosynthetic enzymes, and at the same time switches on alternative catabolic pathways to generate more ATP. There are many parallels between the mammalian AMPK and yeast SNF1 systems, although surprisingly, the SNF1 complex is not activated by AMP.
DNA sequencing has revealed two subfamilies of SNF1/AMPK-related protein kinases in plants (44), i.e. the SnRK1 subfamily (currently two in A. thaliana), which are related to SNF1 and AMPK throughout their catalytic subunits, and the SnRK2 family (described below, currently four in A. thaliana), which are only related within the kinase domains ( Figure 4 ). Independently Figure 4 Comparison of domain structures of the Snf1-like subfamily, including Snf1 from S. cerevisiae, AMP-activated protein kinase (AMPK, α subunit) from mammals, and the higher plant Snf1-related kinases-1 and -2 (SnRK1 and SnRK2). Numbers above the kinase and regulatory domains represent % sequence identity with the equivalent region in Snf1, assessed using the program GAP (Genetics Computer Group), utilizing the rat AMPK-2 and A. thaliana AKIN10 and PROKINA (GENBANK:L05561) sequences as representative examples. The C-terminal domains of the SnRK2 family are unrelated to Snf1. of these molecular biological studies, biochemical approaches identified plant protein kinases very similar to mammalian AMPK (3, 29, 104). Although these were initially termed HMG-CoA reductase kinases, it is now clear that they represent the products of SnRK1 genes (2, 5, 29). Like their yeast and animal counterparts, they exist as large multimeric complexes, although regulatory β and/or γ subunits have not yet been identified in plants. Unlike AMPK (but like SNF1), they do not appear to be activated by AMP, but they are regulated by phosphorylation by an upstream kinase kinase. The latter is currently poorly characterized, but its effect can be mimicked using mammalian AMPKK (29, 104) . This latter observation is consistent with the observation that the specific threonine residue, which is phosphorylated by AMPKK on AMPK [Thr-172 (55)], is conserved in all plant SnRK1 sequences, as is the sequence immediately surrounding it. By analogy with the yeast and animal systems, the plant SnRK1 kinases will likely be activated by stresses such as starvation for a carbon source, although this has not yet been directly demonstrated. The yeast, animal, and plant SNF1-related kinases have very similar substrate specificity in vitro (3, 22) . Although no in vivo substrates have yet been identified with certainty for the plant kinases, in cell-free assays they phosphorylate and inactivate HMG-CoA reductase, sucrose phosphate synthase and nitrate reductase (21, 29, 156) . These are key regulatory enzymes of isoprenoid and sucrose synthesis, and nitrogen assimilation, respectively, so that activation of SnRK1 complexes would be expected to inhibit these anabolic pathways. This is related to the function of mammalian AMPK although, with the exception of HMG-CoA reductase, the actual protein targets differ. Activation of SnRK1 kinases is also likely to upregulate catabolic pathways by regulating gene expression. The phenomenon of catabolite repression has been reported to occur in plant cells [reviewed in (75) ] and it is interesting that glyoxylate cycle enzymes are repressed by glucose in both plants and yeast (42) . Recently, transgenic potato plants have been established that express SnRK1 DNA in antisense orientation. Results obtained with these plants suggest that the SnRK1 kinases are involved in the regulation of expression of the sucrose synthase gene in response to the availability of carbohydrate (131) . Despite its name, sucrose synthase is involved in the breakdown of sucrose in plant "sink" tissues, and occupies an analogous metabolic position to the invertase encoded by the SUC2 gene, a classical target for regulation by SNF1 in yeast.
Members of the SnRK2 group (Figure 4 ) contain kinase domains related to those of Snf1 and AMPK, but the C-terminal domains are unrelated and are usually characterized by stretches of acidic residues, either poly-Glu or poly-Asp. The functions and biochemical properties of these kinases remain unknown. Using the synthetic peptides used to assay AMPK and SnRK1s, kinase activities have been isolated from cauliflower inflorescence (3) and spinach leaves (29) that are small, monomeric proteins of the size predicted for the SnRK2 subfamily. They have substrate specificities similar to the SnRK1 kinases and, like the latter, are regulated by phosphorylation (3). It is tempting to suggest that they are products of SnRK2 genes, although direct evidence is currently lacking.
THE RECEPTOR-LIKE KINASE SUBFAMILY
The receptor-like kinases (RLKs) are characterized by an N-terminal hydrophobic signal peptide, and an internal hydrophobic sequence followed by a basic "stop-transfer" sequence, suggesting that they are Type I membrane proteins with a single transmembrane helix. The C-terminal, intracellular regions are the locations of the protein kinase domains. There are at least 18 RLKs in A. thaliana: Their kinase domain sequences cluster into a discrete subfamily (Figure 2 ), although they are more divergent than those of the other subfamilies discussed in this review. Another review of the RLK family has recently been published (141) .
The models for this group are the receptor-linked kinases in animal cells, which are also Type I membrane proteins with an intracellular kinase domain. The majority of animal receptor-linked kinases are protein-tyrosine kinases (a subfamily not yet found in plants) but there are also a small number of proteinserine/threonine kinases. The mechanisms of signal transduction downstream of mammalian receptor-linked kinases may be summarized as follows:
1. The receptor-linked protein-tyrosine kinases usually exist as monomers in the absence of ligand. Ligand binding causes the receptors to form homoor hetero-oligomers, usually dimers. The cytoplasmic domains phosphorylate each other, and this creates docking sites for proteins with domains (e.g. SH2 domains) that form high-affinity binding sites for specific sequence motifs containing phosphotyrosine. By this means, large signaling complexes assemble at the membrane in response to ligand binding. Components of these complexes include enzymes that generate second messengers such as inositol-1,4,5-trisphosphate (IP3) and phosphatidylinositol-3,4,5-trisphosphate (PIP3), factors that promote conversion of Ras family proteins between their active (GTP-bound) and inactive (GDP-bound) states, protein-tyrosine phosphatases, and additional protein-tyrosine kinases (see 2 below).
2. Some protein-tyrosine kinases, e.g. those in the Src family, are not transmembrane proteins. However, they associate with the inner surface of the plasma membrane via myristoylated N termini, and contain SH2 domains that cause them to associate with receptor-linked kinases after the latter are activated.
3. Mammalian serine/threonine-kinase receptors include those for transforming growth factor-, activins, and bone morphogenetic proteins. Each ligand has distinct type I and type II receptors (both of which are protein-serine/ threonine kinases) and ligand binding causes formation of heterodimers. The type II receptor phosphorylates the type I receptor, activating the latter which then phosphorylates proteins of the SMAD family. The phosphorylated SMADs associate with other SMADs and translocate to the nucleus, where they trigger changes in gene expression [reviewed in (95) ].
The plant receptor-like kinases (RLKs) are thought to be receptors mainly by virtue of their structural similarities to the mammalian receptor kinases, although a ligand has not yet been identified for any of them. However, the idea that they are receptors was strengthened with the recent cloning of the BRI1 gene from A. thaliana (100) . Bri1 mutants are resistant to the brassinosteroid brassinolide, and map-based cloning of the BRI1 gene showed that it encoded an RLK. This is consistent with the idea that BRI1 is a brassinosteroid receptor, although the true ligand may be a complex between the steroid and a binding protein.
Many of the 18 A. thaliana RLKs analyzed for this review fall into one of four subclasses when their extracellular domain sequences are analyzed ( Figure 5 : note that they do not cluster in exactly the same manner if the kinase domains are analyzed). These subclasses include:
1. The leucine-rich repeat (LRR) group [reviewed in (11, 161) ], currently the largest group in A. thaliana. LRRs occur in numerous eukaryotic proteins (93) , and are thought to be involved in mediating protein-protein interactions. Intriguingly, LRRs are present in several mammalian receptors for protein/peptide messengers, including some receptor-linked kinases such as the nerve growth factor receptor. LRR proteins contain multiple tandem copies of a circa 25-residue repeat with leucines at characteristic spacings. The crystal structure of ribonuclease inhibitor protein shows that its 16 LRRs form a horseshoe-shaped structure with a 16-strand parallel β-sheet on the inside and 16 short helices on the outside. It is proposed that the exposed surface of the β-sheet forms the site for protein-protein interactions (92).
2. The S-domain group, members of which have extracellular domains related to the S-locus glycoprotein (SLG) of Brassica species, involved in the selfincompatibility (SI) response (122) . This response is discussed in more detail below, but it is worth noting that the three S-domain RLKs found in A. thaliana to date ( Figure 5 ) cannot be involved in self-incompatibility because they are expressed in inappropriate locations, and this species does not display self-incompatibility. An S-domain is characterized by a characteristic array of cysteine residues, and other conserved motifs (161) . Figure 5 Phylogenetic tree of extracellular domains of RLKs, constructed using the same methods as for Figure 2 . In each case, the extracellular domains were obtained by removing from the amino acid sequence the transmembrane domain and all regions C-terminal to it.
3. The lectin-like domain group, currently represented in A. thaliana by LECRK1 and LRK1. The extracellular domain of LECRK1 is related to legume lectins and to the Lec2 protein of A. thaliana (59) . This relationship raises the intriguing possibility that these receptors bind oligosaccharides, such as the elicitors derived from breakdown of the cell wall (either of the host or of the pathogen) during fungal infection.
4. The EGF repeat receptors, represented in A. thaliana by WAK1 [wallassociated protein kinase-1 (57), formerly called Pro25 (94)], and WAK4. These have extracellular domains containing sequence repeats related to mammalian epidermal growth factor. The significance of this remains unclear.
Other A. thaliana RLKs that cannot readily be placed into any of these groups include PR5K and LRRPK ( Figure 5 ). PR5K (165) has an extracellular domain related to the A. thaliana PR5 protein, which accumulates in the extracellular space in response to infection by various pathogens. Unlike PR5, PR5K is not induced upon infection, but their sequence relationship raises the possibility that PR5K might be a receptor involved in the response to infection. LRRPK (26) has an extracellular domain with a novel leucine zipper motif. It has the interesting property that levels of its mRNA are repressed by light, but its function remains unclear.
The extracellular domains of many RLKs are related to other proteins and these relationships can, as in a few cases discussed above, give tantalizing clues as to their possible function. However, much more direct evidence regarding function is available for those cases where the DNA was obtained by cloning of mutant genes. The BRI1 gene (100), encoding an LRR kinase that may represent a brassinosteroid receptor, has already been mentioned. Two other members of the LRR subfamily in A. thaliana, i.e. ERECTA and CLAVATA1 (CLV1), give rise to developmental mutants. ERECTA is expressed at and around apical meristems, and mutations lead to plants with compact inflorescences with short, thick peduncles and fruits. It is proposed that the Erecta protein may be involved in cell-cell signaling during meristem development (155). CLV1 is expressed in a patch of cells in the center of the apical meristem, and mutations lead to greatly enlarged shoot and floral meristems with large clusters of undifferentiated cells at the center. These mutations therefore appear to upset the balance between cell proliferation and differentiation. Signaling through CLAVATA1 may inhibit proliferation of stem cells, promote their differentiation into organ primordia, or both (15) .
A particularly interesting group of plant kinases has been defined by cloning genes responsible for disease resistance. The Xa21 gene in rice is responsible for resistance to some strains of the bacterial pathogen Xanthomonas oryzae, and encodes an RLK with an LRR-type extracellular domain (147) . This suggests that it is a receptor for some product present during infection, although the actual ligand is not known. In tomato, the Pto gene confers resistance to strains of Pseudomonas syringae carrying the corresponding virulence gene, avrPTO, triggering a localized hypersensitive response involving programmed cell death at the site of infection. The closely related (and tightly linked) Fen gene confers a hypersensitive reponse to the insecticide fenthion, which may perhaps be mimicking a product of another pathogen. Pto and Fen encode protein kinases that are 80% identical in sequence (103, 108) . Outside of their kinase domains they only have short N-terminal extensions (with potential myristoylation sites), and have no potential extracellular or transmembrane domains. Nevertheless, the sequences of their kinase domains are related to those of RLKs. To confer pathogen resistance and fenthion sensitivity, respectively, Pto and Fen require another gene present in the same gene cluster, Prf, that encodes a protein containing leucine-rich repeats (139) . It seems likely that complexes between Pto and Prf, and Fen and Prf, form the receptors for products of infection (7). However, Prf does not have a signal sequence, and if this model is correct the receptors may be entirely intracellular. DNA encoding another protein kinase (Pti1) related to Pto has been cloned from tomato by yeast two-hybrid analysis, using Pto as the "bait." Pto phosphorylates Pti1 in vitro (but not vice versa), and overexpression of Pti1 enhances the hypersensitive response to bacterial strains carrying avrPTO (178) . This suggests that Pti1 may be part of a protein kinase cascade acting downstream of Pto.
A final instance where functions of plant RLKs have been studied by genetic approaches is the phenomenon of self-incompatibility (SI) in Brassicaceae. SI prevents pollen grains from genetically similar plants from germinating when they fall on the stigma. In the type found in Brassicaceae, SI is controlled by the S locus complex, a highly polymorphic gene cluster that occurs in a number of distinct haplotypes (122) . Two of the genes encoded at the S locus are the S locus glycoprotein (SLG) and the S-locus receptor-like kinase (SRK), which has an extracellular domain closely related to the SLG present in the same haplotype (149) . SRK was the original representative of the S-domain RLK subfamily (see above). Both SLG and SRK are coordinately expressed in the stigma (148) . A current hypothesis (148) is that SRK (possibly in combination with SLG) forms a receptor for some component of the pollen grain specified by the S-locus. A match between the pollen component and SLG/SRK causes a response that prevents the pollen grain from germinating.
At present, little is known about the signal transduction pathways downstream of RLKs. However, the kinase domains of most RLKs autophosphorylate (161) , and one possibility is that this creates docking sites for components of signaling complexes, by analogy with the mechanism of signaling from mammalian protein-tyrosine kinase-linked receptors (see above). Stone et al (150) screened an A. thaliana expression library for proteins that interacted with the autophosphorylated kinase domain of RLK5, a member of the LRR subfamily of RLKs. This resulted in cloning of DNA encoding a protein called KAPP (kinase-associated protein phosphatase), which contains a type I membrane anchoring domain, a kinase interaction domain (responsible for the interaction with RLK5), and a domain related to the protein-serine/threonine phosphatase, PP2C. KAPP also appears to interact with the phosphorylated kinase domains of some other RLKs (10), and evidence from transgenic plants expressing KAPP suggests that it acts as a negative regulator of the CLAVATA1 signal transduction pathway (151, 167). A protein unrelated to KAPP (ARC1) that interacts with the phosphorylated kinase domain of the Brassica S-locus receptor-like kinase was recently cloned in the yeast two-hybrid system (43) . It was expressed specifically in the stigma, and was of interest because it contained "arm" repeats of the type found in Drosophila melanogaster armadillo and vertebrate-catenins. These latter proteins are involved in the Wnt/Wingless signaling pathway (71) .
THE MAP KINASE (MAPK), MAP KINASE KINASE (MAPKK), AND MAP KINASE KINASE KINASE (MAPKKK) SUBFAMILIES
Although these fall into different subfamilies when their kinase domain sequences are compared (Figure 2) , it is convenient to consider them together. In yeast and mammalian cells they form cascades or "modules" operating in the direction MAPKKK → MAPKK → MAPK. The S. cerevisiae genome encodes six MAPKs, with the two-best characterized MAPK modules acting downstream of mating factor receptors (Ste11 → Ste7 → Fus3) and sensors of high osmolarity (Ssk2/22 → Pbs2 → Hog1) (105) . In mammalian cells the classical MAPK cascade (Raf1 → MEK1/2 → ERK1/2) lies downstream of growth factor receptors that act via the GTP-binding protein Ras. At least two other MAPK cascades (MEKK1/2 → JNKK1 → JNK, ASK1 → MKK3/6 → p38) are also activated by cytokines and various cellular stresses (112) . DNAs encoding at least seven MAPKs (114, 116) , five MAPKKs [(121) and unpublished sequences in the database], and five MAPKKKs (118, 124) have been cloned from A. thaliana (Figure 2 ; See Supplementary Materials Section, http:// www.annualreviews.org). Representatives have also been found in other plant species including alfalfa, tobacco, oat, and petunia [reviewed in (63) ]. All of the MAPKs contain the characteristic MAPK motif Thr-X-Tyr in the "T-loop" or "activation segment" (79) between conserved kinase motifs VII and VIII. In the yeast and mammalian systems, phosphorylation at both the threonine and the tyrosine, catalyzed by a single MAPKK, is necessary to cause activation. The serine or threonine residues on MAPKKs, which are phosphorylated during activation by MAPKKKs, are also conserved in the plant MAPKKs (121, 145) . There have been few direct biochemical studies of whether these kinases really exist as cascades in plants, although two A. thaliana MAPKs are phosphorylated and activated by a Xenopus laevis MAPKK in vitro (114) . Overexpression of plant DNAs has also been shown to suppress mutations in specific components of MAP kinase cascades in S. cerevisiae (4, 82, 118, 124, 130) . These results indicate that these plant kinases can take part in specific MAP kinase cascades at the appropriate level when expressed in yeast.
Although no plant MAPK cascade has yet been mapped out in fine detail, there is abundant evidence that they are rapidly activated by plant hormones and by environmental stimuli such as touch, cold shock, wounding, and pathogen infection. The almost universal method by which MAPK activation in plants has been addressed is the "in-gel" kinase assay, in which an artificial MAPK substrate (myelin basic protein, MBP) is cast into a gel, extracts are separated on the gel by electrophoresis in SDS, and after renaturation the gel is incubated with [γ 32 P]ATP/Mg to locate active MBP kinases. MAPKs are identified as MBP kinases migrating at around 45 kDa. Added refinements are to show that activation is associated with tyrosine phosphorylation of the polypeptide using an anti-phosphotyrosine antibody, and that activation is abolished by prior incubation with protein-tyrosine phosphatases. Ideally, the specific MAPK involved should also be identified by immunoprecipitation with isoform-specific antibodies; as yet this has only been done in a few cases.
Using this approach, a MAPK (and an activity which phosphorylated a recombinant MAPK, i.e. a MAPKK) were shown to be activated by auxin within five minutes of addition to cultured tobacco cells (114) , and a MAPK was activated by abscisic acid (ABA) within one minute of addition to barley aleurone protoplasts (91) . In alfalfa leaves, a MAPK (identified as MMK4 by immunoprecipitation) was activated by cold shock, water stress, and wounding; these effects were not mediated by ABA (8, 81) . MAPKs were also activated (and induced at the transcriptional level) within one minute of wounding of tobacco leaves (142, 159) . Surprisingly, overexpression of DNA encoding a woundinduced MAPK (WIPK ) reduced the basal kinase activity and abolished its activation by wounding, apparently a "gene silencing" effect. In these transgenic plants, wounding did not lead to expression of wound-induced genes or accumulation of jasmonic acid (a phytohormone normally associated with the wounding response) but led instead to accumulation of salicylic acid (a messenger normally associated with the response to pathogen attack) (142) . These results indicate that WIPK is involved in the activation of jasmonic acid synthesis by wounding. A MAPK called SIP kinase was shown to be activated by salicylic acid in tobacco (175) . In tomato leaves, a MAPK was activated by wounding, during grazing by insect larvae, by fungal elicitors of defense responses, or by treatment with systemin, a peptide messenger believed to be a primary signal in the wounding response (152). In parsley cells, peptides derived from the fungal pathogen Phytophthora sojae act as elicitors of defense responses, inducing activation of defense-related genes and production of reactive oxygen species. These peptides activated a MAPK (ERMK) related to alfalfa MMK4, and caused its translocation to the nucleus, a phenomenon observed after activation of mammalian MAPKs. The use of pharmacological probes suggested that the MAPK activation was downstream of changes in ion flux produced by the elicitors, but upstream of the oxidative burst that is part of the defense response (101) . In summary, MAPKs appear to be involved at various levels in plant responses to hormonal and environmental stimuli. The challenge now is determine which MAPK, MAPKK and MAPKKKs are involved in each response, and to see how they link to the putative receptor or sensor protein lying upstream that monitors the presence of the stimuli.
In most of the cases listed above, MAPK activation was transient, with the kinase being rapidly inactivated despite the continuing presence of the stimulus. Addition of protein synthesis inhibitors did not affect activation, but did block subsequent inactivation [e.g. (8)]. Similar behavior of MAPK cascades in mammals can be explained by induction of transcription of specific dual-specificity MAPK phosphatases (86). Hirt's group recently cloned, by suppression of the mating factor-induced cell cycle arrest in S. cerevisiae, an alfalfa DNA (MP2C) encoding a protein phosphatase (110) . Although this enzyme was a member of the protein phosphatase-2C family rather than the dual-specificity phosphatase family, mRNA encoding it was induced after wounding of alfalfa leaves, and the bacterially expressed protein could inactivate in vitro the MAPK which was activated by wounding. Its induction upon wounding may therefore be responsible for the transient nature of the MAPK response.
THE CYCLIN-DEPENDENT KINASE (CDK) SUBFAMILY
The yeast and mammalian cyclin-dependent kinases (CDKs), exemplified by the cdc2 and CDC28 gene products from Schizosaccharomyces pombe and S. cerevisiae, respectively, have catalytic subunits of about 34 kDa that are minimal kinase domains. The CDKs are characterized by being inactive except when bound to a cyclin protein by interactions involving the conserved PSTAIRE motif on the CDK (76) . Some CDKs are critical regulators of entry into key phases of the cell cycle, such as S phase and mitosis. Other, such as Pho85 in S. cerevisae, appear to have roles not connected with the cell cycle (83) . In general, there are more cyclins than there are CDKs, with a single CDK often having multiple roles, depending on the cyclins with which it associates. The activity of CDKs during the cell cycle is regulated by association with cyclins that are synthesized and degraded at different times, by association with CDK inhibitor proteins whose content and/or activity varies during the cycle, and by phosphorylation and dephosphorylation by upstream kinases and phosphatases. An activating phosphorylation event occurs at a conserved threonine within the "T loop," catalyzed by CDK-activating kinases, and an inactivating phosphorylation occurs at a tyrosine residue within the sequence GXGXYG (conserved kinase motif I), catalyzed in S. pombe by the Wee1 kinase.
Despite differences in the mechanics of cell division between fungi, animals, and plants, the basic cell cycle control machinery appears to be conserved. In 1990, Feiler & Jacobs (35) described cloning of a cdc2-like gene, and they also found a Cdc2-like protein kinase activity, in pea. Two cdc2-like genes, termed CDC2a and CDC2b, have been cloned from A. thaliana (36, 61) . CDC2a, which has an exact match to the PSTAIRE motif, partially complements cdc2-mutations in S. pombe, whereas CDC2b, which has a PPTALRE motif instead, does not. In general, PSTAIRE variants are broadly expressed throughout the plant cell cycle, whereas PPTALRE variants are expressed in a narrower window from S phase through to M phase (38, 107) . It has been proposed that the PPTALRE variants might be involved in formation of the pre-prophase band (30) . Recently, a CDK-activating kinase has also been cloned from A. thaliana by complementation of an S. cerevisiae cak1 mutant. When purified by immunoprecipitation, it phosphorylated and activated a human CDK (158). A fourth CDK-like kinase from A. thaliana is MAK homologous kinase (MHK), related to the mammalian male germ cell-associated kinase MAK (120) . The latter is expressed specifically in testicular germ cells and may have a role in meiosis (77) , but the functions of MHK and MAK are not well understood.
DNAs encoding at least ten A/B-type mitotic cyclins, plus three D-type G1 cyclins, have been cloned from A. thaliana (23, 132) . Homologs of several important regulatory proteins that interact with CDKs have also been reported in plants. These include a CDK inhibitor related to p27
Kip1 (163) , a CDKbinding protein related to S. pombe Suc1 (24), and a homolog of a key target for phosphorylation by CDKs in G1 phase, the retinoblastoma protein (41, 170) . For a detailed discussion of the plant cell cycle, readers are referred to previous reviews (30, 143) . However, while there are many indications that CDKs are involved in regulating the cell cycle in plants, the evidence is often only correlative in nature. One exception is a paper by Hemerly et al (58) examining the effects of expression of a dominant negative mutant of A. thaliana CDC2a. When expressed in S. pombe, it produced abnormally large cells similar to those of a cdc2-mutant. When expressed in A. thaliana plants this mutant appeared to be lethal, but when expressed in tobacco it gave rise to transgenic lines with smaller numbers of abnormally large cells when compared with controls, although overall development was in many respects normal. Leaf mesophyll protoplasts derived from these plants did not undergo any cell divisions in vitro, unlike cells from control plants (58) . These results provide direct evidence that a normal level of Cdc2 kinase is necessary to drive plant cells through the cell cycle. Another interesting paper (109) showed that expression of S. pombe cdc25 (encoding the phosphotyrosine phosphatase that reverses the inactivating phosphorylation on CDKs) gave rise to transgenic tobacco plants with more frequent, smaller lateral roots that had smaller cells at mitosis. This suggests that the inactivation of CDKs by tyrosine phosphorylation can cause them to become rate-limiting for mitosis. These results are consistent with observations that Nicotiana plumbaginifola cell cultures deprived of cytokinins are arrested in late G2 phase with an inactive, tyrosine phosphorylated, Cdc2-like histone H1 kinase (173) . The kinase could be reactivated by S. pombe Cdc25 in vitro.
THE CASEIN KINASE I (CK1) AND CASEIN KINASE II (CK2) SUBFAMILIES
These two subfamilies are considered together, although they are not closely related (Figure 2) . Casein kinases I and II are so named because they were originally detected using the milk protein casein as substrate. Both phosphorylate serine or threonine residues in the context of nearby acidic side chains. An interesting feature of this specificity is that phosphoamino acids can substitute for acidic residues, so that other protein kinases can sometimes "prime" phosphorylation by CK1 and CK2. For CK1 the acidic residues are preferred on the N-terminal side of the serine/threonine, with the P-3 position being particularly important, whereas for CK2 they are preferred on the C-terminal side, with the P+3 position being important [P-3/P+3 represents the position 3 residues N-terminal/C-terminal with respect to the phosphorylated amino acid]. A perplexing feature of both CK1 and CK2, which means that their functions remain somewhat enigmatic, is that they do not appear to be highly regulated in vivo. Conceivably, they provide a constitutive, basal kinase activity against which protein phosphatases (and kinases phosphorylating neighboring priming sites) could provide regulation of target protein function.
Mammalian CK1s exist as monomers that are widely expressed and found in both the cytoplasm and nucleus (16) . They phosphorylate many substrate proteins in vitro; often this does not produce a change in function of the target, although an interesting exception is glycogen synthase, where phosphorylation at Ser-7 by cyclic AMP-dependent protein kinase primes the phosphorylation and inactivation at Ser-10 by CK1 (37) . In S. cerevisiae, deletion of a redundant pair of CK1 genes (YCK1 and YCK2, also known as CK11/CK12) is lethal (134, 164) , while disruption of a third (HRR25) leads to hypersensitivity to DNA-damaging agents, suggesting a function in DNA repair (27) . DNAs encoding five CK1s have been cloned from A. thaliana [(90, 113) and GENBANK:U97568]. A CK1 has also been purified to homogeneity from broccoli (88) . The biochemical properties of this, and of recombinant A. thaliana CKI1 expressed in bacteria (90) , are similar to those of mammalian CK1s. As yet there are few insights into the functions of CK1s in plant cells.
An unusual feature of mammalian CK2s is that they will utilize GTP as well as ATP and are relatively insensitive to the general kinase inhibitor staurosporine. They normally exists as α 2 β 2 tetramers, where the α subunits are catalytic. The β subunits are not essential for activity, but modify activity towards certain substrates. CK2s phosphorylate a bewildering array of substrate proteins in vitro, and in some cases, these targets are phosphorylated in vivo. Particularly interesting targets include DNA-binding proteins such as p53 (85) and DNA topoisomerase II (73) . Disruption of both of the CK2 genes (CKA1/2) in S. cerevisiae is lethal, but experiments with temperature-sensitive mutants suggest a role for CKA1 in the maintenance of cell polarity (133) , and for CKA2 in cell cycle progression (47) . DNAs encoding two isoforms of the CK2 catalytic (α) subunit (CKA1 and CKA2) have been cloned from A. thaliana (119) , as have two forms of the β subunit (CKB1 and CKB2) (17) . Active α 2 β 2 tetramers can be reconstituted from recombinant CKA1 and CKB1 (89) . CK2 has also been purified from A. thaliana in two forms, i.e. a monomeric catalytic subunit and a tetrameric α 2 β 2 form (34). Plant CK2s have been shown to phosphorylate a wide variety of plant proteins in vitro. In most cases, it is not clear whether this affects the function of the target protein, but phosphorylation of the transcription factor GBF1 stimulates its binding to DNA containing a "G box" (89) . The catalytic subunit of CK2 from maize occupies a special place in that it recently became the first plant protein kinase for which a crystal structure is available (123) . The structure confirmed the location of basic residues within the active site that bind the acidic residues around the target serine, and also provided clues as to why CK2s can utilize GTP as well as ATP.
THE GSK3/SHAGGY SUBFAMILY
Mammalian glycogen synthase kinase-3 (GSK3) was originally described as one of several protein kinases phosphorylating and inactivating rabbit muscle glycogen synthase. When DNA encoding it was cloned, it turned out to be closely related to the shaggy/zeste-white 3 gene product from Drosophila melanogaster (169) . In mammals, GSK3 occurs in a signal transduction pathway downstream of the insulin and insulin-like growth factor-1 receptors. It is unusual in that it is inactivated (rather than activated) by stimulation of the pathway, via phosphorylation by protein kinase B (also known as Akt) at a serine residue near the N terminus (20) . Since GSK3 inactivates glycogen synthase this accounts, at least in part, for the observed activation of glycogen synthesis by insulin. In Drosophila the shaggy/zeste-white 3 gene is required for the establishment of segment polarity. It is now known that the GSK3/shaggy protein kinase lies on the pathway downstream of Wingless, a secreted protein messenger involved in the control of development (71) . A related pathway is found in mammalian cells, where the equivalent of Wingless is the Wnt1 protein. Stimulation of mammalian fibroblasts with Drosophila Wingless results in inactivation of GSK3 due to phosphorylation; the signal transduction pathway is not known but it is clearly distinct from that utilized by insulin (18) . (31) . There are also multiple representatives in rice, tobacco, petunia, and alfalfa [reviewed in (31) ]. Because of their sequence similarity with Drosophila shaggy, they have been assumed to play roles during plant development. However, although different isoforms show tissue-specific expression patterns (25, 33, 80, 127) , there is currently little evidence available that provides any real insight into the functions of the plant GSK3 family.
OTHER SUBFAMILIES AND MISCELLANEOUS KINASES
In this section I review the remaining cloned kinases from A. thaliana that either form only small subfamilies or do not readily fit into any of the other groupings.
The CTR1/Raf-Like Subfamily
The CTR1 (constitutive triple response-1) gene was identified via loss-offunction mutations that displayed a "triple response" in the absence of the hormone ethylene. Cloning of the mutant gene revealed that it encoded a protein kinase related to the mammalian Raf subfamily (87) . The archetypal Raf family member, i.e. Raf-1, couples the GTP-binding protein Ras to the MAP kinase (ERK1/ERK2) cascade, and acts at the level of a MAPKKK (although not closely related to other MAPKKKs). It was therefore proposed (87) that CTR1 lies upstream of a MAPK cascade, although direct evidence for this is still lacking. The proposed receptors for ethylene, the products of the genes ETR1 (13), ETR2 (138) , and ERS (66), all of which give rise to ethylene-insensitive mutants, are members of the prokaryotic two-component histidine/aspartate kinase family. Since loss of CTR1 function gives rise to a constitutive ethylene-like response, the CTR1 pathway must normally switch off ethylene responses, and be inactivated by binding of ethylene to its receptor(s). The N-terminal regulatory domain of CTR1 has recently been shown to interact with the histidine kinase domains of ETR1 and ERS by two-hybrid analysis (14) . Two protein kinases of unknown function that appear to cluster into the same group as CTR1 according to their kinase domain sequences are ATN1 (157) and ATMRK1 (GENBANK:AB006810).
The LAMMER Subfamily
Bender & Fink (6) cloned A. thaliana DNA (AFC1) by virtue of its ability to complement a double mutation ( fus3 kss1) in genes encoding MAPKs that transmit the effect of mating factors to expression of mating-specific genes in yeast. AFC1 was not a MAPK but a member of the CDK-related LAMMER family (172) , members of which have the sequence EHLAMMERIL at kinase conserved motif XI. They also cloned two other LAMMER genes, AFC2 and AFC3; unlike AFC1, AFC2 did not complement the fus3 kss1 mutant. The functions of the LAMMER subfamily remain unclear.
S6 Kinase Homologs
DNAs encoding two kinases related to mammalian p70 ribosomal protein S6 kinase have been cloned (117, 174) . These were induced at the transcriptional level by cold or salt stress (117). Zhang et al (174) found that one of the kinases (PK1) was active after expression in insect (Sf9) cells but not in bacteria, probably because it requires posttranslational modifications, including phosphorylation. It phosphorylated two proteins in A. thaliana ribosomes in vitro, but its physiological role remains unknown.
The PVPK-1 Subfamily
Both PK64 and ATPK5 (56, 115) appear to be homologs of PVPK-1 from Phaseolus vulgaris and G11A from rice. Although the latter two were the first plant protein kinases to be cloned (97) , the functions of the members of this subfamily remain unknown.
NAK Subfamily
The original representative of this subfamily was NAK (120) , but it also includes APK1 (62), APK2a (74), ARSK1 (72), and GENBANK:U53501. Interesting features of the NAK and APK1 sequences are that they bear some resemblance to mammalian protein-tyrosine as well as protein-serine/threonine kinases. When APK1 was expressed in bacteria it caused bacterial proteins to become reactive with anti-phosphotyrosine antibodies. However, the expressed kinase autophosphorylated, and phosphorylated exogenous proteins such as casein and myosin light chain, on serine and threonine and not tyrosine (62) . It therefore does not appear to be a true protein-tyrosine kinase.
Miscellaneous Kinases
Mutations in the Tousled gene give rise to plants that exhibit random loss of floral organs, and organ development is impaired. The gene encodes a protein kinase (136) with an N-terminal domain that contains a coiled-coil region responsible for oligomerization, and a localization signal that directs the protein to the nucleus (135) . Plants with mutations in the NPH1 gene, which appears to encode a soluble protein kinase, lack all phototropic responses. The N-terminal domain contains two repeated sequences that are related to sequences found in bacterial proteins regulated by redox status (67) . Finally, the PPK1 kinase (GENBANK:Y11930) from A. thaliana is most closely related to the human TTK (threonine/tyrosine kinase) (111) . Little is known about its function.
CONCLUSIONS AND PERSPECTIVES
Although the past decade has indeed been a golden age for the discovery of plant protein serine/threonine kinases, the elucidation of their functions is only just beginning. The advent of cloning by homology has meant that the rate of accumulation of knowledge about the number and sequence of plant kinase genes has greatly outstripped the rate at which we have learned about their physiological roles. Even for the plant kinases identified by cloning of mutant genes, there is still a great deal to be understood. Knowledge of the phenotype of a mutation does not mean that one fully understands the function of the encoded protein; the phenotype only reveals one defect produced by the mutation under the particular circumstances of the genetic screen. In most cases, we also know about only one component in any plant signal transduction chain, and we do not understand the full sequence of events. In the next decade, we will need to explore upstream and downstream of the known kinases in order to identify their regulators and target proteins respectively. In my view, this will require greater emphasis on biochemical analysis than has occurred in the past, although the yeast two-hybrid screen and interaction cloning (150) are useful approaches to obtain initial clues as to upstream and downstream partners. Whatever approach is adopted, this field of plant research will remain dynamic and exciting for the foreseeable future, and many surprises and new twists undoubtedly await us.
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